The common killifish of the eastern United States, Fundulus heteroclitus (Linn.), is widely employed as an experimental animal by zoologists, embryologists, and comparative physiologists. The late Dr. Myron Gordon8' points out that it is a hardy species of convenient size, readily caught in tidal pools but not usually bred in aquaria for purposes of raising the stock. Dr. Gordon warns against confusion with the striped killifish, Fundulus majalis, which is more delicate and will not stand up as well under aquarium conditions.
During the winter, in the latitude of New Haven, Connecticut, F.heteroclitus passes into a state of sexual regression, hibernating in the mud. In spring it may be caught in large numbers in estuarine waters where it breeds in the reed beds during June and July. The young become sexually mature the following year, at a length of about one inch, and fish of approximately 3 inches in length are usually in their second year. Unlike F.majalis, F.heteroclitus is completely euryhaline, moving freely from salt to fresh water. It may be kept indefinitely in either medium under laboratory conditions and is tolerant of standing water provided the tanks are well aerated and not overcrowded.
Endocrinological studies on Fundulus heteroclitus were begun in the Bingham Oceanographic Laboratory in 1947. At that time a number of investigations, reviewed by Atz," had been concerned with the hormonal regulation of the reproductive cycle, Albert' had studied the thyroid and exophthalmos, and a substantial body of work, reviewed by Parker,' had been devoted to the chromatophore-regulating hormones. Dr. Ernest F. Thompson and I were interested in a different problem: the "year marks" on the scales of fishes. The formation of the annulus is correlated with the onset of spring growth, and we thought that it might be possible to induce an artificial off-season annulus by administration of growth hormone. Although our first experiment was, in this respect, unsuccessful it served to show that purified beef growth hormone enhances the growth rate of fish." We had much to learn about procedures in handling the fish to minimize collateral shock effects and dietary disturbances."" We now know that injections should only be given on alternate days, the fish should be fed in the morning and injected later in the day, and they should be handled under anesthesia with tricaine methane sulfonate. A little iodine must be added to the Aronson's mixture used as food to prevent development of goiter, and the diet must be supplemented with fresh frozen brine shrimp or daphnia to prevent disturbances attributed to cumulative vitamin deficiency.*
The first experiments were made on normal fish, but it was quickly realized that hypophysectomy is necessary for decisive results. The operation is an easy one and fish rarely die as a direct result of surgery.' After removal of the pituitary, growth in length ceases although weight changes are erratic, the gonads and thyroids pass into regression but the interrenal (adrenocortical) tissue shows little change. The fish become anemic, there is a gradual loss of melanin pigment from the skin, a disturbance of calcium metabolism is reflected in the frequent occurrence of kidney stones, and the fish are unable to survive in fresh water. Each of these endocrine disturbances has been subjected to further analysis, reviewed below, but there remain many unresolved problems.
GROWTH HORMONE
A renewal of growth can be elicited in hypophysectomized Fundulus by chronic administration of purified beef growth hormone (GH).5s The treatment also induces new growth at the margin of the scales, with the formation of an annulus resembling the natural "year mark." For effective results a dose of 10 ug. per gram weight, administered thrice weekly for at least 5 weeks, is necessary and longer periods are desirable. In comparison with hypophysectomized rats, in which the effective dose is equivalent to 0.1 MAg. per gram weight daily for 10 days, two distinct problems were evident: the slowness of onset of the response and the fifty-fold greater dose requirement. Various aspects of these problems have been subjected to experimental investigation.
In the first place, it was thought that Fundulus might be more responsive to growth hormone derived from fish. the fish growth hormone was free from thyroid-stimulating activity. When given in conjunction with mammalian TSH, the growth-promoting activity of the fish preparation was enhanced.' Even under these circumstances, however, there was no evidence that fish growth hormone, derived either from pollack or hake, can elicit a greater growth response than beef growth hormone. Antibody formation is another factor that might limit the response to heterologous growth hormone preparations. We have made no direct study of this problem, but are inclined to minimize its importance. During an 8-week experiment there was continuous slow growth, either with fish or beef growth hormone, and no evidence suggestive of a decreasing effectiveness after prolonged treatment.
These considerations lead, however, to a discussion of the specificity of growth hormones derived from different sources.' Although Fundulus is stimulated by beef growth hormone, the rat is totally unresponsive to fish growth hormone." '78 During the past year we have found that Fundulus responds poorly to human, monkey, and pig growth hormone, but sheep growth hormone is as effective as beef growth hormone."' There may be similar differences between growth hormones derived from different species of fish.
Temperature is another factor that might account for the greater response of warm-blooded animals, as compared with fish, to beef growth hormone. In one experiment, beef growth hormone was administered to hypophysectomized Fundulus maintained at 100, 15°, 20', and 250 C.' The growth response was negligible at the lowest temperature, very slight at 150 C., and maximally subequal at 200 and 250 C. In a subsequent unpublished investigation, it was found that although hypophysectomized Fundulus, like intact individuals, can live at higher temperatures (ca. 30°C.) they cannot then tolerate the trauma of handling and injection. The results of these experiments suggest that a temperature of 20-25°C. is optimal for the growth response and that higher temperatures are inhibitory.
The condition of the fish is an important factor in regulating the onset and magnitude of the growth response. In earlier experiments, in which conditions were not optimal, there was often a lag of 2-3 weeks before any significant growth increment became evident, and this was frequently accompanied by an initial weight loss. Under the improved procedures now employed, we usually observe an onset of renewed growth at the end of the first week, although the increment may not be statistically significant so early in the experiment. The magnitude of the percentage length increase varies from one group of fish to another, even when the same dose of standard beef growth hormone (NIH 1) is employed. However, for a given group of fish, there is a linear log dose-response curve with a minimum effective dose reflected in a slight growth response at 3 pg. per gram weight.'
A major cause of the difference between one group of fish and another can almost certainly be attributed to the length of time that has elapsed after hypophysectomy. Experience has shown that a period of at least 2 months, at 20°C., must elapse before the target organs of the pituitary of Fundulus pass into stabilized regression. Olivereau'5 had the same experience with the eel, in which over 7 months had to pass before the thyroid became inactive. If growth hormone injections are begun one month after hypophysectomy, the killifish are more responsive than if a period of 6 months has elapsed. In any experiment with an unknown growth hormone preparation, it is necessary to have two control groups, one receiving saline injections and one a standard beef growth hormone preparation.
THYROID AND THYROTROPIN
The thyroid of Fundulus, like that of the majority of teleosts, is an unencapsulated gland with dispersed follicles in the vicinity of the ventral aorta and afferent branchial arteries.' Gorbman and Berg,8' using tracer doses of I', showed that at 220 C. the uptake of radioactive iodine by the thyroid of Fundulus heteroclitus reached a peak of 10 per cent after 24 hours in salt water. The peak was three times greater when the fish were kept in water of low salinity. The marine species, F.majalis, gave similar results but there was a lesser stimulation in dilute sea water. The freshwater species, F.diaphanus, showed a higher uptake at 15°C. than at 80 C., and the peak was attained very slowly, after one week. The following products of hormonal iodine synthesis were identified: monoiodotyrosine, diiodotyrosine, and thyroxine. In F.heteroclitus in salt water there was also an unidentified compound.
We have made no study of the controversial problem of the metabolic function of the thyroid in fishes." Histological examination suggests that the thyroids of male F.heteroclitus are more active than those of females, and that there is a liquefaction and resorption of colloid in spring.' The experiments of Burden8 and Harris,' discussed below, tend to exclude participation of the thyroid in freshwater adaptation.
The thyroid of teleosts with diffuse glands cannot be surgically removed, but a number of investigators have attempted radiation thyroidectomy.' Harris' applied this method to Fundulus, but the difficulties were the same as those encountered by other workers in various teleostean species. A single high dose of I"3 may destroy the functional follicles but, after a few weeks, new follicles regenerate. These may be destroyed by repeated injection but, even after a third treatment, Harris found subsequent regeneration in the majority of cases. Those individuals which showed complete or nearly complete absence of thyroid follicles were the ones that died, but the possibility of radiation injury to other organs is not excluded. The survivors were found to be more or less severely hypothyroid, both by histological criteria and by an inability to retain a tracer dose of I'.
Injections of thiourea result in the expected hypertrophy and hyperplasia of the thyroid of Fundulus,"8 indicating enhanced secretion of thyrotropin (TSH) from the pituitary. This hormone is certainly present in the hypophysis since injections of Fundulus pituitary brei stimulate thyroid cell height in recipients of this species. 8 Albert' found that the thyroid of Fundulus responds to injections of mammalian TSH. He observed a slight change after 6 hours, by histological criteria, followed by progressive evidence of stimulation resulting in marked hypertrophy and hyperplasia after 3 days. The dose was stated to be 200 mg. equivalents of fresh sheep pituitary.
Our studies of the thyroid have been incidental to an evaluation of contaminating traces of TSH in growth hormone preparations. It was shown, in an investigation directed to this problem,' that the thyroid of Fundulus is extremely sensitive to chronic treatment with small doses of TSH. A dose of the order of 0.4 mU per gram weight, administered thrice weekly for one month, stimulated the thyroid cell height of hypophysectomized recipients to somewhat more than normal levels. Even a ten times lesser dose had some effect on 2 out of 6 fish. More recently Noel Nussbaum and I have confirmed these results by injecting a tracer dose of 181 at the end of the experiment (unpublished).
EXOPHTHALMOS-PRODUCING SUBSTANCE
Alberte showed that injections of mammalian TSH caused protrusion of the eyeballs in normal or hypophysectomized Fundulus; the response was proportional to the dose. The work of Dobyns and Steelman' demonstrated that an exophthalmos-producing substance (EPS), assayed on Fundulus, can be chemically separated from TSH, assayed on the chick thyroid. Both Fundulus17'X and goldfish's have been employed for the assay of EPS in the blood serum of patients suffering from exophthalmos, and TSH is known to elicit proptosis in eels.' We have found that chronic treatment of hypophysectomized Fundulus with low doses of TSH (containing EPS) can maintain a slight degree of exophthalmos for the duration of the experiment.' On the other hand, removal of the pituitary had no effect on the degree of protrusion of the eyeballs. 62 The experiments cited above led to the conclusion that exophthalmos is regulated by a specific pituitary hormone, separable from TSH. However, in respect to fishes, there are conflicting reports in the recent literature. Langford' obtained negative results with injections of TSH in Fundulus heterocditus var. bermudae, whereas either thyroxine or triiodothyronine elicited exophthalmos. Similarly, Matty, Menzel, and Bardach' were unable to produce exophthalmos in the parrot fish, Sparisoma squalidum, with TSH. Positive results were obtained with thyroxine, 3.5.3'-triiodothyronine, and also with androgens, but not estradiol. From these, and collateral investigations on other species, the authors suggest that androgens stimulated the thyroid and that exophthalmos in fish is a direct thyroidal effect. Although the work of Dobyns and Steelmane showed that mammalian TSH could be separated into two fractions, one stimulating the chick thyroid and the other causing exophthalmos in Fundulus, the effect of these preparations on the thyroid of Fundulus itself was not investigated. Until such a study has been made, the problem cannot be resolved.
ADRENAL AND ADRENOCORTICOTROPIN
In the past, there was much discussion as to whether the so-called anterior inter-renal (Giacomini tissue) or the corpuscles of Stannius (posterior inter-renal) were the true homologues of the mammalian adrenal cortical tissue in teleostean fishes. The problem was resolved by Rasquin' who showed that in the Mexican characin, Astyanax mexicanus, adminis-tration of exogenous adrenocorticotropin (ACTH) stimulated the former but not the latter target organ. A recent article by Krauter'2 may be cited in confirmation of these findings. The anterior interrenal of Fundulus is also stimulated by ACTH, although it is less responsive than that of Astyanax. ' Direct proof that the anterior inter-renal tissue is capable of synthesizing adrenocortical steroids has recently been obtained by Phillips and Mul- row.' The head kidneys of Fundulus, containing the interrenal tissue, were incubated with tritiated progesterone, and the resultant corticoids were identified in the medium by chromatographic separation of the radioactive products. The corpuscles of Stannius of Fundulus are too small for such a study, but incubation of the corpuscles of Stannius of the flounder, Pseudopleuronectes americanus, gave negative results by this method.'
Our knowledge of the circulating adrenocorticosteroids of fishes has grown rapidly in recent years. Dr. John G. Phillips,""' a Commonwealth
Fellow at Yale, has surveyed a large number of species. In Fundulus heteroclitus, as in many teleosts, the major plasma corticosteroid is cortisol. Blood was collected from autumnal fish in winter regression and, at least at this season, the cortisol level is lower in females than in males-the opposite of what has been observed in some other species of fish. Although the small volume of plasma obtainable from many hundred specimens of the killifish did not permit detection of other corticoids that might be present in small amounts, it must be inferred from the incubation experiments of Phillips and Mulrow" that aldosterone is likely to occur. This mineralocorticoid has recently been demonstrated by Phillips, Holmes, and Bondy" to be present in the blood of the salmon, Oncorhynchus nerka.
The function of the adrenocortical tissue in fishes is not well understood and will not be reviewed in this article. Studies on Fundulus have contributed little to a resolution of the problem. The adrenocorticoids have no direct action in promoting survival of this species in fresh water, but they apparently play some role in hemopoiesis. These problems are discussed below, under the appropriate headings.
The anterior interrenal of teleosts also contains the adrenal medullary (chromaffin) cells. No changes can be observed in these cells after removal of the pituitary in Fundulus.' Functional studies are lacking in this species and but poorly investigated in other teleosts, although it is well known that exogenous adrenaline usually elicits melanophore concentration.' However, Breder and Rasquin' observed darkening in Chaetodipterus, and melanophore adrenaline insensitivity in some fishes is discussed by Rasquin.' ACTH is undoubtedly present in the hypophysis of Fundulus, as in other species of teleosts.' The work of Rasquine4 on Astyanax demonstrated that cold shock, or even saline injections, results in a stimulation of the anterior interrenal tissue, which may be attributed to endogenous release of ACTH. Recent studies by Slicher7' on Fundulus blood showed that cold shock caused changes in the white cell count similar to those resulting from injections of exogenous ACTH (see under Hematology).
GONADAL HORMONES AND GONADOTROPINS
The extensive literature on the reproductive hormones of fishes has been reviewed by Hoar'm and Atz.a In Fundulus, as in other species, hypophysectomy leads to atrophic changes in the gonads and regression of the secondary sexual characters.'10" The relative weight of the gonads (gonosomatic index) of hypophysectomized males is approximately 0.3 per cent of the body weight."m This may be compared with a mean of 0.7 per cent during winter regression, and 5.8 per cent during the breeding season. Similar effects were observed in females. However, a period of at least 6 weeks at 200 C., and longer at lower temperatures, is necessary for the gonads to pass into complete regression. Moreover, it is undesirable to operate on the fish during the breeding season: atrophy of the mature gonads, especially in females, results in heavy mortality apparently from toxemia.
Males of Fundulus heteroclitus develop bright yellow bellies during the breeding season. This nuptial coloration disappears in winter and also after hypophysectomy. As might be anticipated, treatment of hypophysectomized males with androgens elicits the nuptial coloration.1"' We found, in accordance with the experience of others, that methyl testosterone is a most potent androgen in fishes. Injections of methyl testosterone into castrated male Fundulus confirmed the conclusion that development of nuptial coloration is a direct response to the sex steroid. However, both earlier work of Burger10 and more recent studies in the Bingham Laboratory6' revealed that treatment with androgens stimulated the testis weight of hypophysectomized male Fundulus. The development of nuptial coloration, under the influence of exogenous androgen, is presumably augmented by endogenous release of the as yet unidentified natural sex steroid. Other factors may be involved, however, in the apparent failure of LH, at the doses employed, to bring about full maturation of the testes. In an experiment with TSH-free hake growth hormone and mammalian TSH, either preparation alone was found to cause some testis growth.' When the two preparations were given together, the effect was either additive or possibly synergic. Some individuals released flowing sperm, although the testes were subnormal in size. Similar observations have been made from time to time with mammalian growth hormone preparations containing appreciable traces of LH and TSH: a human growth hormone, for example, evoked testis growth and flowing sperm in all of the 7 recipients.' A synergic action of GH and (or) TSH in promoting the response to LH is strongly indicated. Further experiments are planned, but have been impeded by the difficulty of obtaining growth hormone preparations that were totally free of testis-and thyroid-stimulating properties when tested on fish.
In contrast to their great sensitivity to mammalian LH, hypophysectomized Fundulus are almost completely unaffected by mammalian follicle stimulating hormone (FSH).' At high doses there may be a slight stimulation of the testes, attributed to traces of LH in the FSH preparation. The problem of an FSH-like hormone in fishes cannot be resolved until purified fish gonadotropic fractions can be tested on hypophysectomized recipients.
PROLACTIN
During the course of pilot experiments with various gonadotropins, a group of hypophysectomized male Fundulus was treated with moderately well-purified prolaction.' No stimulation of the gonads was observed but, to our astonishment, the fish became black. The preparation contained traces of ACTH, as shown by the stimulation of the anterior interrenal tissue, and Dr. M. Ruth Wright found frog melanophore-dispersing activity of a low order. Experiments with highly purified prolactin, intermedin, and as=adrenocorticotropin, made available to us through the courtesy of Dr. Choh Hao Li, were inaugurated in an attempt to clarify the problem. It was found that ACTH-free intermedin-free prolactin is capable of increasing the amount of melanin in the pigment cells. The ghosts of melanophores that had become depigmented as the result of hypophysectomy were restored to normal coloration, but no new pigment cells appeared. Highly purified intermedin (,8-MSH), which had only an insignificant effect on the melanin assay, induced proliferation of newly formed melanocytes which spread over the normally unpigmented belly. The requisite dose was a high one, but low doses of intermedin that had no effect when administered alone were strongly potentiated by simultaneous treatment with prolactin. More recent studies have confirmed these results and enlarged our understanding of the problem.'0 Alkali-treated intermedin is more effective than untreated. Alpha-corticotropin, which has a slight effect similar to that of intermedin, is also potentiated by prolactin. Prolactin is evidently essential for a significant increase of melanin synthesis in zivo and, in the absence of this hormone, the proliferation of new melanocytes by intermedin is retarded.
However, in vitro studies by Bernard Kosto and Dr. Morris Foster, who collaborated in this investigation, demonstrated that chronic treatment with either prolactin, intermedin, or ACTH stimulated the ability of the tail fin tissue to oxidize the melanin precursor, dopa. The preparations darken during incubation with the substrate, and there is a correlated rise in oxygen consumption. As a tentative conclusion it would seem that in the living animal prolactin promotes an increased supply of melanin substrate, which is apparently lacking after hypophysectomy. On the other hand, a variety of hormonal treatments stimulate the "dopa oxidase" enzyme system, as can be demonstrated when exogenous substrate is provided in vitro.
These interesting observations led to an attempt to confirm the suspected presence of prolactin in the fish hypophysis. Earlier studies by other investigators, using the pigeon crop test, had indicated an affirmative answer.' Meanwhile, Grant and Grant,.' using hypophysectomized recipients, had confirmed the findings of Chadwick that prolactin specifically elicits the "water drive" response in the terrestrial red eft stage of the newt, Diemyctylus ziridescens. This assay method has now been applied to fish pituitary preparations, including Fundulus, with positive results.'
Apart from its role in melanogenesis, the functions of prolactin in fishes are little understood. Our most recent studies, reviewed below, indicate that it plays a major role in promoting the adaptation of Fundulus heteroclitus to survival in fresh water.'
CHROMATOPHORE HORMONES OF THE HYPOPHYSIS
There is an extensive literature on the chromatophore-regulating hormones of fishes, reviewed by Parker' and more recently by ourselves.' Fundulus has played a major part in numerous investigations. In this species, as in many teleosts, the melanophores are unresponsive to single injections of intermedin. In contrast to frogs, no melanophore dispersion can be observed, although chronic treatment, discussed in the previous section, leads to the eventual proliferation of newly formed melanocytes.' The lack of intermedin-dispersing sensitivity can be abolished, at least in Fundulus, by cutting the nerves which connect the affected area to the central nervous system, as shown by experiments with fish bearing Parker's so-called "faded denervated caudal bands."' The role of intermedin is apparently restricted, in Fundulus, to regulation of the number of melanophores in response to long-term background adaptation. It plays no part in rapid color changes which are under the control of the nervous system. However, it must be realized that each species of fish presents its own problem. In some, the melanophores are responsive to intermedin. In Fundulus, a combination of prolactin and intermedin is necessary for maintenance of normal melanin pigmentation, but Chavin" found that ACTH causes melanogenesis in xanthic goldfish whereas intermedin is ineffective.
Although the melanophores of Fundulus are not subject to the pigmentdispersing action of intermedin, xanthophore dispersion has been reported. Fries' and Matthews' used implants or extracts of whole pituitary glands of the same species, and it is therefore possible that intermedin was not the decisive factor. In our experiments on hypophysectomized Fundulus we have not observed yellowing after injection of purified intermedin, but no special study has been made of the problem, and a lack of response could be attributed to a reduction in the number of yellow pigment cells following the sexual regression of hypophysectomy. It will be recalled that androgens are necessary for the development of the nuptial coloration in males.
The hormonal responses of the leucophores (guanophores) and iridocytes are similarly in need of further investigation. The leucophores are white pigment cells containing guanin, or a guanin-like material, in amor-phous form. The iridocytes, for which Fries' has proposed the noncommittal term 'antaugophores,' are iridescent white reflecting chromatophores in which the guanin-like material is in the form of flat hexagonal platelets. Odiorne49 observed some dispersion of the guanophores in Fundulus following injections of Antuitrin. This material also caused melanophore concentration, which cannot be elicited in Fundulus by purified mammalian pituitary hormones,' and therefore the interfering action of unknown substances in the commercial solvent cannot be excluded. Fries ', has shown that hypophysectomy has no effect on the leucophores of Cyprinodon variegatus, a species closely related to Fundulus, nor on the antaugophores of the goby, Bathygobius soporator. Foster"'s observed a color change in the iridocytes of Fundulus, from blue or green to orange or red, following treatment with Pituitrin (presumably containing intermedin). The change of color is attributed to a change in the layering of the guanin crystals, influencing the wave length of the reflected light. But, since dispersion of melanin granules in the melanophores is believed to be associated with sol-gel phenomena in the cytoplasm, the two types of response may be basically similar. It must be recalled, however, that Bagnara' has shown that in frogs the guanophores respond in the opposite manner to the melanophores: hypophysectomy causes a reduction in the number of melanophores and an increase in the number of guanophores; intermedin causes melanophore dispersion and proliferation, guanophore concentration and reduction. We have not observed guanophore proliferation in hypophysectomized Fundulus, but the abundance of guanin crystals, forming iridescent blue patches in the skin, is undoubtedly augmented after treatment of males with gonadotropins. This is correlated with androgen stimulation of the xanthophores and is a part of the vivid nuptial coloration.
The hypophysis of teleosts, but apparently not that of mammals, contains a melanophore concentrating hormone (MCH). Recent studies support the hypothesis that this substance is separable from intermedin.' The evidence strongly favors the view that MCH is associated with the anterior part of the pituitary, although a recent article by Kent The teleostean pituitary is rich in posterior lobe hormones with oxytocic, vasopressor, and antidiuretic properties when tested on laboratory mammals.62 However, the function of the neurohypophysial hormones in fishes remains obscure. They do not elicit renal antidiuresis in teleostean recipients, but the work of Sexton7 indicates an enhancement of water uptake through the gills of the goldfish. This would parallel the situation in the purely aquatic clawed toad, Xenopus, in which posterior lobe hormones stimulate an increased water uptake through the skin not accompanied by renal antidiuresis.' Therefore in this species, as in teleosts, there is no increase in body weight resulting from water uptake plus water retention after neurohypophysial injections.
The experiments of Burden,8 reviewed under Osmoregulation, failed to indicate that posterior lobe hormones played any direct role in enabling hypophysectomized Fundulus to survive in fresh water. If the findings of Sexton, cited above, can be applied to Fundulus, an increased water uptake through the gills could aggravate the physiological adjustment to fresh water.
With one exception, our studies of Fundulus have revealed no function for the neurohypophysial hormones of this species. The cytological studies of Sokol7' showed that there is a marked depletion of neurosecretory material in the neurohypophysis of Fundulus during the breeding season. A correlation with reproduction may also be deduced from the discovery that injections of neurohypophysial hormones, including synthetic oxytocin, elicit a characteristic behavior syndrome which, for want of a better term, we have called the "spawning reflex."'9 The body is bent in an S-shaped curve and the fins vibrate rapidly, exactly as may be observed in the natural act of spawning. If the fish are ripe, the sex products may be emitted, but the response can be elicited equally effectively in immature or hypophysectomized recipients. Sex hormones, and a wide variety of mammalian anterior lobe preparations, were totally ineffective. The only exception was an LH that clearly contained some posterior lobe activity. HEMATOLOGY Dr. Anna M. Slicher, working in the Bingham Oceanographic Laboratory, has made a careful study of the normal hematology of Fundulus; various hormonal influences were also investigated."" During the breeding season the red cell count is higher in males than in females, as in mammals after puberty. In winter, during the period of sexual regression, both sexes revert to a common intermediate value: the red cell count rises a little in females and drops significantly in males. This cyclical sex difference is well known in a number of teleostean species, but proof that it was caused by the sex hormones was lacking. Dr. Slicher showed that chronic treatment of hypophysectomized males with methyl testosterone restored the red cell count to normal breeding levels.
The effects of hypophysectomy, which had not been previously investigated, indicated changes parallel to those known in hypophysectomized laboratory mammals: in general, there is a state of pancytopenia. Particular interest attached to the total disappearance of circulating eosinophils. It seems probable that they are stored in the tissues, since an injection of saline evoked their transitory re-appearance in the blood stream two hours later.
A major aspect of Slicher's investigations concerned the response to injections of ACTH. She had previously discovered'm that in another teleost, Tilapia, this hormone caused leucopenia at low doses and leucocytosis at higher doses. In Fundulus a single high dose caused a six-fold increase in the white cell count two hours after injection; a similar but lesser effect was observed in hypophysectomized recipients. The response of Fundulus to low doses of ACTH was not investigated, but it was found that cold shock, which elicits endogenous release of ACTH in Astyanax,' resulted in leucopenia after one hour, followed by leucocytosis after two hours.
Chronic treatment of hypophysectomized recipients with a.=adrenocortico-tropin at a physiologically moderate dose restored both red and white cell counts to normal levels and elicited the re-appearance of circulating eosinophils, still present 24 hours after the last injection.
A single injection of cortisol, the naturally occurring glucocorticoid of Fundulus,tm has essentially the same effect as ACTH on the blood of hypophysectomized recipients: little change in the red cell count and a moderate increase in the white cell count. These primary effects of cortisol on the hemopoietic tissues are masked, in normal fish, by interractions that evidently involve the pituitary. Leucopenia was observed, instead of leucocytosis; eosinopenia, instead of the re-appearance of these cells in the blood stream. Further studies of the problem in normal fish indicate that the nature and magnitude of the response may depend on the sex and on the stage of the reproductive cycle.
As noted above, either androgen or ACTH can restore the red cell count of hypophysectomized Fundulus to normal levels, if administered over a period of time. It was also found that TSH, at physiological levels, can cause an increase in the red cell count. On the other hand, prolactin, intermedin, and growth hormone had no significant effect.
Dr. Charles E. Burden, 8 at that time a senior undergraduate majoring in Zoology at Yale, demonstrated that hypophysectomized Fundulus heteroclitus cannot be kept in fresh water. Death results from progressive asthenia which develops slowly and usually becomes critical in about 6-7 days at 150 C. Titrations of blood chloride revealed severe hypochloremia. In normal Fundulus at 150 C. there was no difference in serum Cl between fish kept in salt water and those which had been kept for 8 days in fresh water: the average for both groups was 0.886 g%o NaCl. Hypophysectomized fish in salt water showed essentially similar levels, on the average 0.817 g% NaCl, but, at the onset of severe asthenia, hypophysectomized fish in fresh water had only 0.322-0.451 g%o NaCl.
Burden investigated a variety of mammalian hormones in an attempt to identify the agent responsible for promoting survival in fresh water. Negative results were obtained by replacement therapy with TSH, thyroxine, ACTH, desoxycorticosterone acetate (DOCA), growth hormone, and a combination of TSH, ACTH, and GH. With the exception of the rather high dose of DOCA, the hormones were administered at physiological levels. Hog posterior lobe powder was also ineffective. On the other hand, a brei of Fundulus pituitary glands was completely successful, and a brei of perch pituitary was partially effective. Pollack pituitary was ineffective, and Burden suggested that the hypophysis of freshwater and euryhaline teleosts might contain a special hormone promoting survival in fresh water.
Burden also made some interesting observations on gill cytology. He found that the number and condition of the so-called "chloride cells" was unaffected by hypophysectomy, and that they showed similar changes to those reported for normal fish when transferred from salt to fresh water."' Failure of "chloride cell" function is therefore not responsible for the hypochloremia of hypophysectomized Fundulus in fresh water. On the other hand, atrophy of the mucous cells of the gills was observed in such fish, raising the question of their possible protective role in osmoregulation.
Burden's negative results with TSH and thyroxin were supported by the work of Patricia J. HarrisM who employed hypothyroid Fundulus. Hypothyroidism was the result of treatment with radioactive iodine, and the fish were carefully screened with tracer doses of I' before being assigned to the freshwater experiment. Harris was unable to detect any difference between hypothyroid and euthyroid fish in respect to survival in fresh water. None of the fish was completely athyroid, but certainly severe hypothyroidism has no detrimental effect on freshwater adaptation. Contrary to Burden, she found that blood chloride was lower in fresh than in salt water, irrespective of the condition of the thyroid. Her experiments were made at a higher temperature than his, 20°C. as compared with 150 C., and the fish were kept for a longer period in fresh water, 16 days compared with 8 days. Either or both of these factors may have influenced the change in the internal medium. It should be noted that both Garrard' and Bergeron' demonstrated the ability of Fundulus heteroclituts to maintain the osmotic pressure of the blood at a constant value in either salt or fresh water. However, this does not preclude a change in the ratio of bicarbonate to chloride. In other species of fish it is known that the buffering capacity of the blood is greater in fresh than in salt water."
The problem of failure of hypophysectomized F.heteroclitus to survive in fresh water has been subjected to further investigation. Recent studies in the Bingham Laboratory have gone far to clarify the hormonal aspects of the problem.' Confirming the findings of Burden with ACTH and DOCA, we were able to exclude direct participation of the adrenal cortex in promoting freshwater survival. Neither the natural glucocorticoid, cortisol, nor aldosterone, administered at physiological levels, had any beneficial action, and extracts of head kidney containing the adrenal cortical tissue of Fundulus were equally ineffective. An extract of carp corpuscles of Stannius was wholly ineffective, although histological investigations after experimental treatments have implicated this gland of unknown function in teleostean osmoregulation.' The possibility that renin, supposedly present in the kidneys of freshwater but not of marine teleosts," was a factor in freshwater survival was also excluded and, in a recent unpublished experiment, similar results were obtained with parahormone. A brei of whole rat pituitary, on the other hand, was partially effective. The active agent is probably the lactogenic hormone, since injections of highly purified prolactin were found to enable hypophysectomized fish to survive in fresh water. Although the recipients appeared lively and active, even after 20 days, they did not eat well. Complete adaptation to fresh water may require the simultaneous administration of prolactin and some unidentified pituitary hormone. The possibility that fish prolactin might be more effective than sheep prolactin must also be considered. A search for prolactin, among the many partially purified fish pituitary fractions prepared by Dr. Alfred E. Wilhelmi, must now be undertaken.
The foregoing discussion deals only with the special problem of pituitary control of osmoregulation in Fundulus. The presence of the hypophysis is not necessary for eels to survive either in fresh or salt water, and both marine and freshwater teleosts can be successfully maintained in their ap- We have observed that there is a disturbance of calcium metabolism in Fundulus, following removal of the pituitary. This is reflected in the frequent incidence of carbonate apatite renal calculi,' and in defective calcification of new growth on the scales, elicited by treatment with growth hormone.'9 Only fish which showed total absence of all traces of a pituitary remnant exhibited these overt symptoms.' Plans for a further study of this problem are now in progress.
ISLETS OF LANGERHANS
The exocrine pancreas of Fundulus is of the diffuse type, with ramifications that follow the branches of the hepatic portal vein within the liver. The endocrine tissue is restricted to one or two compact nodules located in the vicinity of the gall bladder. Isletectomy, which has been performed on other teleostean species," is therefore possible, but the operation is difficult owing to the danger of severing ductules of the exocrine pancreas. Our first attempt resulted in autodigestion of the viscera and we have not returned to a study of methods for perfecting the surgical procedure.
The functions of the islet tissue in fishes appear, from the literature,' to be the same as in higher vertebrates. We have made no study of this problem in Fundulus but may mention, in passing, that neither hypophysectomy nor administration of beef growth hormone had any apparent effect on the cytology of the alpha and beta cells which are recognisable by standard staining procedures in this species.7"
GASTRO-INTESTINAL HORMONES
Although some work has been done on elasmobranchs, almost nothing is known about the possible hormonal regulation of digestive secretions in teleosts.1' Secretin was early identified in the upper intestinal mucosa of salmon,3 but many species of fishes, like Fundulus, have no stomach and there is no acid phase of digestion. The release of pancreatic secretion cannot, therefore, be regulated by the discharge of secretin in response to the passage of acid from the stomach into the duodenum. It is possible that nervous, rather than hormonal pathways are involved in such species.
UROHYPOPHYSIS
A recent abstract by Holmgrene' on the cytology of the caudal neurosecretory organ of Fundulus should be noted. This peculiar organ, a storage-release center at the end of the spinal cord, has been described by Enami'9 in many species of fishes, and endocrine functions are suspected. Holmgren, following Enami, suggests a possible role in osmoregulation, but no experimental evidence was presented.
CONCLUSION
Endocrinological studies on Fundulus heteroclitus confirm the hypothesis that, in many respects, the hormonal mechanisms of fishes resemble those of mammals. However, the physiological peculiarities of poikilotherms, and the special requirements of life in an aquatic environment that may be either hypo-or hypertonic to the internal medium, impose unfamiliar problems. The functions of the thyroid, adrenal, and neurohypophysial hormones are not well understood in fishes. The apparent absence of the parathyroid and the unexpected functions of the lactogenic hormone (prolactin) offer new ground for future research. In the latter case we are confronted with an outstanding example of evolutionary changes in the target organ of a well-known pituitary hormone. On the other hand, the melanophore-concentrating hormone which, unlike intermedin, is apparently absent in the mammalian hypophysis, provides an example of a basic evolutionary change in the hormonal secretion of the so-called "master gland."
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